Jpn. J. Appl. Phys. Vol. 40 (2001) pp295-+297
Part 2, No. 3B, 15 March 2001
(©2001 The Japan Society of Applied Physics

Electrical Breakdown Voltage In a Mixed Gas
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Properties of electrical breakdown voltage in a mixed gas are investigated based on Townsend criterion. The breakdown
temperaturel, and voltageV, are obtained in terms of the gas mixture ratio As an example, we investigate electrical
breakdown properties in neon gas mixed with xenon. It is shown that the breakdown voltage decreases, reaches the minimum
value aty = 0.02 and then increases again, as the mixture ratiacreases from zero to unity. A preliminary experiment of
AC-plasma display panel (PDP) is carried out for neon gas mixed with a few percent of xenon to verify some of the theoretical
models. The experimental data agree qualitatively well with theoretical predictions.
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One of the most important issue of the industriaTownsend’s second ionization coefficighbf low energy ion
applications of plasma is reduction of the electricabombardment at the cathode. The ionization tate eq. (1)
breakdown-voltage in high pressure gas. As an examplis,known as Townsend’s first ionization coefficient, and is de-
we consider the electrical discharge system in high-pressuieed as the number of ionizing collisions made on the average
inert-gas in connection with its applications to the plasma didy an electron as iravels one centimeter in the direction of
play panel (PDP}-® Reduction of the breakdown voltagethe electric fieldE. The electron travels with the drift velocity
in a low pressure gas by the Penning effects was reporteg in the direction of the electric fiel&. The ionization rate
in previous literaturé) where one hundredth of one percent, in unit time of neutrals by plasma electrons is expressed
of argon gas is mixed with neon. However, the plasma diss
play panel is operated at high-pressure gas and the breakdown o0
voltage reduction in a mixed gas is mostly accomplished by an(T) = ”n/O o (€)vg(e)de )

collision-frequency decrease. The UV light emitted from . . .
) . : wherev is velocity of plasma electron corresponding to the
xenon discharge plasma is converted into fluorescence, whlcp . S ‘
electron energy o€, o (¢) is the ionization cross section of

provides an image on TV screen. The discharge plasma is

generated by the electrical breakdown. Reduction of the dln_eutrals é)y el_ectrons and, IS the neutral density th_at IS
: : . .5 x 10 particles per a cubic cm at one atmospheric pres-
charge voltage is therefore the key element in enhancing the . L
. o ; - sure with room temperature. Therefore, the ionization #ate
electrical efficiency of PDP. The electrical efficiency en- : ) L
. N . in eq. (1) for unit length is related to the ionization raig
hancement in turn prolongs the panel lifetime. Size of xenon eq. (2) for unit time b / The enerav distri
atoms is relatively large so that electrons in the plasma ahe q. Yo = attn/Va. 9y

. g ; ution functiong(e) of plasma electrons in eq. (2) can be a

highly collisional. Therefore, electron mean free-path is smal . ; . S .
: - : complicated function, depending on individual experimental
in xenon gas, requiring high breakdown voltage. Plasma gef- = . : .
conditions. However, for the time being, we assume a thermal

eration in a mixture of xenon and light-atom gases may not . . .
. : : istribution where the electron temperatirés related to the
need high breakdown voltage. We therefore investigate elec-
) . o . mean electron energy) by (¢) = 3T/2. The electron tem-
trical discharge properties in a mixed gas.

The ionization energy of heavy atoms is usually low alperatureT is typically in units of eV. We have also assumed

though their atomic size is large. Plasmas are generated fr trr‘ﬁﬂ the breakdown electric fiel in eq. (1) is provided by

Y ; S 0 planar electrodes separated by distashaeunits of cm.
ionization of neutrals by the impact ionization of electrons, . .

. S ; Lo Bulk plasma experiments were conducted for various neu-
which have their kinetic energy higher than ionization en-

ergy. Electrons with energy higher than ionization energtral gases. The ionization cross sectiofa) of these neutrals

) ) T L Versus electron energyhas been well documented. For ex-
collide with neutrals, ionizing them. Therefore, it is easy to L .
N . g . ample, the ionization cross sectiotie) of argon neutrals by
ionize neutrals with less ionization energy. Meanwhile, elec- ; . ) :
o : iy lectrons is documented experimentally in ref. 6. The maxi-
tron energy-gain in large-size neutrals is difficult due to sma oo T .
. .. mum ionization cross-section occurs near the electron energy
mean free-path. The electrons can easily get their kinetic . R
. . . . ¢ = 100 eV for most of the gas species. Typical ionization en-
energy in a light-atom gas mixed with heavy atoms. Once : o
. R . ; ergye is about 15 eV for these gases. The ionization energy
having enough kinetic energy, they collide with heavy atoms :
e . " f argon atoms ig; = 15.76 eV. For electron temperatufe
of low ionization energy, producing additional electrons an X e R
ions considerably less than the ionization enetgythe ionization

Electron kinetic energy is estimated from its temperaturreatea = on/va in €. (1) can be obtained from eq. (2) and is

Th, which at breakdown is obtained from sparking critefion dpproximately given by
(also known as the Townsend criterion) a(T) = 2nnﬂi(6i +2T) exp(—e—i) , 3)

Vg /T T
ad =Ind+1/7), (1) whereq is the increase rate of ionization cross section and
in a gas without electron attachment whererepresents wy, is the thermal velocity. The increase ragés in units of
the secondary electron-emission coefficient (also known as¥/eV and the energy; and temperatur@ are in units of
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eV. The increase ratgrepresents the profile of the ionization  Assuming that the gas consists of two specieandN, the
cross section, including its size. An equation similar to eq. (3pnization rate for this mixed gas can be expressed as
was first obtained in ref. 7.

Uth €N €x

e [(1 — x)On(en + 2T) eXp(—?) + X0x (ex + 2T) eXp(—?)] ; 4)

wherep is the pressure in units of atmosphere, and the symbi¢notes the normalized mixture ratio of the gas speXies

As an example of eq. (4), we have obtained the ionization rate of air consisting of nitrogen and oxygen molecules with the
ratio of four to one. The ionization rate of air predicted by eq. (4) agrees remarkably well with data obtained experifhentally.

Substituting eq. (4) into eqg. (1), the electron temperalyrat the breakdown is obtained from

ovih Pd [, _eN _ex\ ] 2 1
5x 10* vdﬁ[(l X)QNGNEXP< Tb>+XQX€x9XP< Tb>i—|n(1+y) )

_ o P
a(T) =5x 10 7

where we have neglected the terms proportional T9 i eq. (5) is one of the main results of this article and can be
comparison with the ionization energies. Once the gas mixised to obtain the breakdown voltage in a mixed gas. The
ture ratioy is known, the electron temperatufigat the break- breakdown voltag#/, can be considerably reduced by an ap-
down can be determined from eq. (5) in terms of the parameropriate choice of the gas species whose ionization energies
ter pd. and collisional cross sections can provide optimum condition.
The mean free path. of electrons in the mixed-gas For completeness of analysis, we estimate the fgtitwg of
molecules is inversely proportional to the product of scattethe thermal velocity to the drift velocity for electrons. The

ing cross section and neutral number density. That is electron drift velocity in weakly ionized plasmas is given by
1 reE
— =[on(1 = x) +oxxInn vg = , (10)
A Mutp
=25 x 10"%0on(1 — x) + oxx1p, (6) for vin/vg > 1 typical in high-pressure discharge. Hene,

where oy and oy denote the scattering cross sections oii? the electron mass. Making use of the electron temperature
N X — — 2 iminati ie fiald i
speciesN and X, respectively, ang is the gas pressure in __~ §4.6E = (1/2)muy, and eliminating the electric field in

Friit f atm h ) P Th yi {ons ar 9 FI) rated b t?ie.(lo),we can show that the thermalization form fagt

units of atmosphere. e electrons are accelerated by tf ated to the ratio by /vg = 2%.

electric field E (in unit of volt/cm), gaining kinetic energy As an example, we consider neon gas mixed with xenon.

O.f +eE before they .coII|de_ with peutrails_. The;e slow elec:l’he neon gas mixed with a few percent of xenon is used in the
tions are scattered isotropically in collisions with molecules

thermalizing their gained energy. This process repeats U&I/asma display panel (PDP) for apparent reasons shown later.

. : . : Ve assume that the subscritand X in eq. (5) represent
Ihe thermalization form factor of eectron energy. Thereford™e 1eon and xenon species. The increase gatendx

: i 9y of ionization cross section for neon and xenon are givéh by
the electron temperature is proportional to the product of th

: th and the electric field and i p (fN = 1.2 x 107 8cnP/eV andgx = 3.12 x 10~ cné/eV,
mean free patih and the electric Tieldk and Is expressed as respectively. The ionization energies for these gas species are

1 oNp iven by ey = 21.5eV andex = 12.2eV. Making use of
= = 25x 109°M5 11 4 ¢(T)yl, 7 9 N = 259 €V andex ' g use
T % E L+ £(Tx] % the power parametex defined bya = en/ex, and carrying
where the relative ratig of the scattering cross section isOut a straightforward calculation, we obtain

defined b
¢(T) = ] (8) anen o (:iNfN p
ON from eq. (5), where the functiad is defined by
The electron temperature in eq. (7) is well known and cor- ex 12
responds to the approximation for the mean free path. Re- U= exp(——) = p(—T—b> , (12)

member that the Maxwellian distribution has been used in
obtaining eq. (2) for simplicity of subsequent analysis. Thé&r xenon gas. Once value of the unknownis found, the
Maxwellian distribution originates from a constant value oforresponding temperature can be obtained from eq. (12).
the free collision frequency for electrons. The form factor The thermalization form factof is not known for neon

& can be found by properties of gas Species and by thermaﬂd xenon. The thermalization form facoof air consisted
ization properties of electrons. The collision cross section &f diatomic molecules is found to ie= 3. We expect that
neutrals is sensitive to the electron energy. This property makermalization form factor for majority of experimental gas at

also p|ay an important role in defining the form facgor hlgh pressure, where the electron temperature is about 1 eV, is
The breakdown voltagé, = Ed is calculated from eq. (7) inthe range of 25 & < 6. However, the electron breakdown-
and can be expressed as temperature in egs. (11) and (12) is a logarithmic dependence
9 of the form factor. Therefore, corrections of electron tem-
EVp = 2.5 x 10N Tp[1 + ¢(Tp) x1pd, 9) perature associated with a correct value of the form factor is

where the electron temperatufg is obtained from eq. (5) negligibly small. As an example, we consider PDP cells, as-
in terms of the parameteyd. Equation (9), together with suming that the secondary electron-emission coeffigieat
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the cathode i3y = 0.2. Assuming that the thermalization 340
form factor of neon i€ = 3, the right-hand side of eq. (11)
is calculated to be .8 x 102 for p = 1 atmosphere and
d = 0.1cm, which are typical to PDP applications. The
number 38 x 1072 is a very small value, thereby generat-
ing a small value ofJ in eqg. (11). Note that the parameter
Ogxex/gnen in eq. (11) is 14.8 which is a considerably large
value. Therefore, the term proportional xdJ in the left-
hand side of eq. (11) dominates over the term proportional ! j !
to U2 even for a relatively small value of the mixture ratio 140 j
X, where the power parametar = 1.77. We remind the 0 0.05 0.1
reader that the term proportionalidJ in the left-hand side of ) )
eq. (11) originates from the contribution of xenon ionization,
whereas the term proportional tb* '’ originates from neon
contribution. lons are mostly generated from the ionization dfig. 1. Plots of the breakdown voltagé, versus the gas mixture ra-
xenon due to a low ionization energy, as expected. Therefore,ti(:1 X- 3Tlh59TC'°Sed r_e}ﬁtangu'ar dt?ts_ o fex'oe”megt?' data I"btﬁi”fd for
the electron breakdown-temperatdigis mostly decided by Equ:re fit of Z;ri;cer:;memzlcd“;’; ;SJS:TEQJJOSS?' (9) Is simply the least
the xenon ionization energy. The typical electron engegy
at breakdown is abouk) ~ 3.75eV corresponding to the
breakdown temperaturg, = 2.5eV. The collisional cross
sections of nech and xenot”) gases for the electron energy
of (¢) = 3.75eV are given by = 2.5 x 10 *cn? and
ox = 3 x 107 15cn?, respectively. Therefore, the parame
ter ¢ defined in eq. (8) is given by = 11 for T, = 2.5eV.
The breakdown voltag®,, in eq. (9) is proportional to the
collisional cross sectioay of neon for a small value of mix-
ture ratio x. Although the ions are generated from xeno
gas, the breakdown voltage in eq. (9) is mostly determin
from collisional cross section of neon, which is one—twelfﬂ}j
of collisional cross section of xenon for the electron energy
of (¢) = 3.75eV. In this regard, the breakdown voltage ca
be considerably reduced by mixing neon with xenon.
Substituting proper numbers into egs. (11), (12) and (9) f
neon gas mixed with xenon, we obtain

of xenon gas is introduced. The anode and cathode in PDP
cells are placed on a co-plane in PDP experiment. There-
fore, they do not see each other. On the other hand, we have
“assumed that the anode and cathode plane-electrodes in the
theory face each other with the gap distance.ofn this re-
gard, a quantitative comparison between the theoretical pre-
diction and experimental data may not be easy. Shown in
ig. 1 are plots of the breakdown voltayg versus the gas
ixture ratioy . The closed rectangular dots are experimental
ata obtained fopd = 3.15Torr-cm. Taking into account
f the curved electric field in coplanar electrode, the effective
Value of parametepd is pd = 16 Torr-cm corresponding
to 0.022 atm-cm. The curve obtained from eq. (9) in Fig. 1
9 simply the least square fit of experimental data assuming
&/pd = 85. Both theory and experiment indicate that the
[(1- x)UL7"4+148xU] =3.8x 103, (13) minimum breakdown voltage occurs around the mixture ratio
122 of x ~ 0.02. The breakdown voltage decreases to its mini-
= (14) mum aty ~ 0.02 and then increases again, as the gas mixture
In(1/U) ratio x increases from zero to unity. We remind the reader that
and the mixture ratigy = 1 means the xenon gas only. As pointed
§ out earlier, quantitatively comparing a theoretical result with
b= Evb = 6.25x 10°To(1+ 11x). (15) experimental data may not be easy. However, the experimen-
tal data agree qualitatively well with theoretical predictions.

where the normalized discharge voltdggis in units of volt X )
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